What are the features of peritoneal macrophage subgroups and T helper cells in the development of murine endometriosis?
Introduction
Endometriosis is an estrogen-dependent inflammatory disease defined as the presence of endometrial glands and stroma outside the uterine cavity, primarily on the pelvic peritoneum and ovaries. Main clinical features of endometriosis are chronic pelvic pain, dyspareunia and infertility, which affect 6-10% of women of reproductive age (Bulun, 2009; Giudice, 2010) . Three hypotheses (retrograde menstruation, celomic metaplasia and Müllerian remnants) have been proposed trying to explain the etiology of endometriosis (Burney and Giudice, 2012; Vercellini et al., 2014) . Recently, several studies focused on epigenetic dysregulation, which may cause dissemination of primordial endometrial stem cells in ectopic regions and endometriosis development later in life (Lagana et al., 2013; Sofo et al., 2015; Gargett et al., 2016) . However, none of them could explain all the different types of endometriosis. Hence, a mechanistic study of endometriosis is necessary.
Peritoneal macrophages play a crucial role in the etiology and pathogenesis of endometriosis (Capobianco and Rovere-Querini, 2013) . Compared with control, endometriosis patients exhibited an increasing volume of peritoneal fluid and elevated numbers of peritoneal macrophages (Chacho et al., 1986; Itoh et al., 2013) . In addition, several cytokines associated with macrophages, such as monocyte chemoattractant protein (MCP)-1, interleukin (IL)-1β, IL-6, IL-8, tumor necrosis factor (TNF)-α and transforming growth factor (TGF)-β are also increased in peritoneal fluid from endometriosis patients (Podgaec et al., 2007; Beste et al., 2014; Borrelli et al., 2014; Kocbek et al., 2015) . Early and severe stages of endometriosis feature different cytokine patterns (Sturlese et al., 2011; Salmeri et al., 2015) . Furthermore, the deletion of peritoneal macrophages attenuates endometriosis in both rat and mouse models (Bacci et al., 2009; Haber et al., 2009) .
Deciduous endometrial fragments during menstruations arrive in the peritoneal cavity through fallopian tubes. Furthermore, the complicated interactions between macrophages and endometrial tissues remodel the peritoneal microenvironment, contributing to the invasion, vascularization and growth of ectopic foci. The development, activation and functional diversity of macrophages are also influenced by the dynamic peritoneal micro-environmental stimulators (Wynn et al., 2013; Gosselin et al., 2014; Lavin et al., 2014; Okabe and Medzhitov, 2014) . Numerous in vivo and in vitro studies have tried to clarify the activation states of peritoneal macrophages in endometriosis and their effects on the pathogenesis of endometriosis. Nevertheless, the conclusions are quite complicated and inconsistent. Bacci et al. showed that peritoneal macrophages differentiated into alternative activated (M2) macrophages in a murine endometriosis model and patients. Furthermore, transplantation of bone-marrow-derived M2 macrophages promoted the development of endometriosis in the Balb/C murine models (Bacci et al., 2009) . By contrast, in another study, the ratios of CD163 + macrophages (M2) in the patients with and without endometriosis did not differ significantly (Itoh et al., 2013) . However, when stimulated with conditioned medium of endometrial cells in vitro, the THP-1 (monocytic cell line) derived macrophages differentiated into a special functional state expressing characteristics of both classically activated (M1)-like and M2-like macrophages (Kobayashi et al., 2012) . In addition, peritoneal macrophages isolated from peritoneal aspirates of endometriosis patients produce high levels of cytokines associated with both M1 and M2 macrophages (Beste et al., 2014) . There is a current agreement to describe M1-M2 macrophages as a continuous spectrum of polarization (Mosser and Edwards, 2008; Murray et al., 2014) . M1 and M2 macrophages are commonly recognized as two ends of the spectrum of activation (Bronte and Murray, 2015) . Thus, the M1 and M2 classification cannot illustrate complicated changes of peritoneal macrophages during the development of endometriosis. Recent studies indicated the coexistence of two phenotypically and functionally distinct subsets of peritoneal macrophages: large peritoneal macrophages (LPMs) and small peritoneal macrophages (SPMs). LPMs, the major subset in unstimulated condition, express high levels of F4/80 and CD11b, and low levels of class II molecules of the major histocompatibility complex (MHC). By contrast, SPMs, a minority of peritoneal macrophages, keep a phenotype of F4/80 low CD11b low MHC-II high (Ghosn et al., 2010; Cassado Ados et al., 2015) . Under steady conditions, LPMs appear to originate from embryogenic precursors, independently from hematopoietic precursors and maintain physiological numbers by self-proliferation in situ. Conversely, SPMs may originate from peripheral monocytes and infiltrate into inflammatory sites. Exposed to the same peritoneal cavity-derived signals, LPMs and SPMs share highly concordant characteristics of gene expression and enhancer landscape organization. However, SPMs and LPMs exhibit different functions. SPMs express a pro-inflammatory functional profile, whereas LPMs exert the ability in the maintenance of peritoneal cavity physiological conditions (Davies et al., 2013; Gundra et al., 2014; Okabe and Medzhitov, 2014) . Taken together, during the initial acute invasion of endometrial segments and the following persisting stimulation of endometriotic foci, LPMs and SPMs may display considerably different changes, thus contributing to the varying changes of total peritoneal macrophages. To understand how these macrophages influence and are influenced by the surrounding milieu, we investigated the dynamic changes of peritoneal macrophage subsets, polarization and macrophages associated peritoneal cavity T helper (Th) cells [i.e. Th1, Th2, Th17 and T regulatory (T reg ) cells] in a murine endometriosis model.
Materials and Methods

Animals
Seventy six-week-old virgin female C57BL/6 mice used throughout this study were all purchased from Beijing HFK Bioscience Company (Beijing, China). All mice were maintained under controlled conditions with a light/ dark cycle of 12/12 h, stable temperature of 25 ± 1°C and a relative humidity of 55% (±10%). All animals had free access to laboratory food and water.
Ethical approval
All procedures were approved by the Animal Care and Use Committee of Shandong University (Shandong, China).
Induction of endometriosis
Several murine endometriosis models have been established in the former studies for different research objectives (Bacci et al., 2009; Greaves et al., 2014; Long et al., 2016) . In this study, we focused on macrophages, which are sensitive to the surrounding microenvironment; and the inflammatory changes can generate a molecular memory that primes the macrophage inflammatory response (Weavers et al., 2016) . Hence, the operations during the modeling, such as abdominal surgery and ovariectomy, may disturb and prime the original peritoneal cavity immunity (Monsanto et al., 2016) .
We established a murine endometriosis model by i.p. injection of allogeneic endometrial segments, mimicking the natural spontaneous generation of endometriosis in women and avoiding the tremendous disturbance to peritoneal immune microenvironment caused by abdominal operations (Bacci et al., 2009; Long et al., 2016) . Briefly, 7-week-old mice were initially treated s.c. with estradiol benzoate (3 μg/mouse, Aladdin, Shanghai, China). Seven days later, the mice treated with estradiol benzoate were sacrificed and their uteri were collected in a petri dish containing warm 0.01 M phosphate-buffered saline (PBS; pH 7.2-7.4). All uterine horns were identically processed, including a longitudinal split with a pair of scissors, subtle isolation of endometrial tissue, and careful disruption into small fragments which were consistent and smaller than 1 mm. Then, we injected these fragments intraperitoneally into recipient mice with a 1-ml syringe and a 25-g needle. To eliminate any potential bias, we mixed endometrial fragments from every 2.5 donor mice, which were randomly distributed into 5 different experimental groups and injected the mixture to 5 recipient mice equally. And the mice that received i.p. injection of PBS were randomly and equally distributed into five control groups. Hence, at each time point (0.25, 3, 14, 28 and 42 days), five endometriosis mice and five control mice were included.
Peritoneal cells collection and macrophages counting
We harvested the peritoneal cells by injecting and shaking 8 ml (4 ml × 2) of ice-bath washing buffer containing Advanced Roswell Park Memorial Institute medium, 1640 (Gibco, USA) and 2% heat-inactivated fetal bovine serum (Gibco, Australia). After peritoneal lavage harvest, 1.5 ml of cell suspension was seeded in a culturing plate. To purify the macrophages, the cell culture medium was changed twice at 3 and 6 h after the seeding in a humidified atmosphere containing 5% CO 2 . The residual adherent cells were macrophages, which were randomly counted in three chosen fields under a microscope (×400). In addition, when rinsing the peritoneal cavity of the mice at 6 h after endometrial injection, the hole through the abdominal wall produced by the peritoneal injection was blocked by hemostatic forceps carefully to avoid additional outflow.
Flow cytometry
The remaining peritoneal lavages were divided equally into three parts for flow cytometry (FCM) analysis of macrophage proportion and polarization, as well as Th1, Th2, Th17 and T reg proportions. The cytokine profile of M1 macrophages includes increased TNF-α, IL-6, IL-1, IL-12, IL-23 and Type 1 interferon (IFN), as well as expression of inducible NO synthase (NOS2), CCR7 and HLA-DR. The cytokine release profile of M2 macrophages includes increased IL-4, IL-10, IL-13 and IL-1ra production, as well as expression of CD206, Ym1, CD163, CCL1, CCL18, FIZZ1, arginase 1 and chitotriosidase (Antonios et al., 2013) . In this study, F4/80 and CD11b were used as pan-macrophage markers (Davies et al., 2013) . NOS2 and CD206 were detected as markers of M1 and M2 macrophages, respectively (Antonios et al., 2013; Moore et al., 2013; Murray et al., 2014; Wang and Kubes, 2016) . To maintain the original polarization state and avoid the adherence to tube wall, the macrophages were inactivated by incubation in 2% paraformaldehyde for 10 min on ice before the antibody staining. After centrifugation (300g), FC receptor was blocked by incubation with anti-mouse CD16/CD32 (14-0161, eBioscience, USA) at a concentration of 1:100 for 10 min on ice. The cells were subsequently incubated with APC-conjugated anti-mouse F4/80 (17-4801, eBioscience, USA) at a concentration of 1:25 and PerCP-Cyanine5.5-conjugated antimouse CD11b (45-0112, eBioscience, USA) at a concentration of 1:100 for 25 min on ice in the dark. After centrifugation (300g), cells were incubated in fixation/permeabilization buffer (BD Biosciences, USA) for 45 min on ice in the dark. The cells were washed twice with 1× Perm/wash buffer (BD Biosciences, USA), and then incubated with Alexa Fluor ® 488-conjugated anti-mouse NOS2 (53-5920, eBioscience, USA) at a concentration of 1:1000 and PE-conjugated anti-mouse CD206 (141706, BioLegend, USA) at a concentration of 1:50 for 45 min in the dark. After washing with 1× Perm/wash buffer, cells were resuspended in PBS for FCM analysis. Peritoneal macrophages expressing both high levels of F4/80 and CD11b were defined as LPMs, whereas SPMs refer to macrophages expressing lower levels of F4/80 and CD11b. Combined with F4/80 and CD11b expression above, NOS2-positive and CD206-negative cells were defined as M1 macrophages, whereas NOS2-negative and CD206-positive cells were identified as M2 macrophages. For detection of Th1, Th2 and Th17, cells were stimulated with 1× Cell Stimulation Cocktail (plus protein transport inhibitors) (00-4975-03, eBioscience, USA) for 4.5 h at 37°C in a humidified atmosphere containing 5% CO 2 . Then, FITC-conjugated anti-mouse CD4 (1:200, 11-0042, eBioscience, USA) was used to determine CD4-positive T cells. PEconjugated anti-mouse IFN-γ (1:150, 12-7311, eBioscience, USA), APCconjugated anti-mouse IL-4 (1:120, 17-7041, eBioscience, USA) and PerCP-Cyanine5.5-conjugated anti-mouse/rat IL-17A (1:1000, 45-7177, eBioscience, USA) were used to detect Th1, Th2 and Th17, respectively. Without prior fixation, cells were stained with CD4 for 25 min on ice. 
Statistical analyses
Each experiment was expressed as mean ± SEM. FCM analysis was performed on Guava easyCyte 6 HT (Merk Millipore, USA) and the results were analyzed by guavaSoft 3.1.1 (Merk Millipore, USA). All statistical analyses were performed by two-way ANOVA followed by Bonferroni's multiple comparison test. All statistical analyses were conducted using the GraphPad Prism 5 (GraphPad Software, Inc., USA).
Results
Dramatic dynamic changes of LPMs and SPMs
The flow diagram of the experiment is shown in Fig. 1A . The typical endometriotic tissues could be observed 14 days after the peritoneal injection (Fig. 1B) . Under a light microscope (×100), the abnormal morphology and increased cell density of macrophages in peritoneal fluid in endometriosis mice were observed ( Fig. 1C and E) . LPMs persisted until 42 days after the modeling (Fig. 1D and F ). In contrast, the SPMs (F4/80 low CD11b low cells) in peritoneal fluid showed opposite dynamic changes to LPMs (Fig. 1D and G) .
Different polarization tendencies of LPMs and SPMs contribute to the bidirectional differentiation of total peritoneal cavity macrophages
At Day 14 after peritoneal injection of endometrial segments, total peritoneal macrophages (F4/80 + CD11b + cells) expressed both increased percentage of CD206 and elevated percentage of NOS2 ( Fig. 2A) . Moreover, this specific polarization state persisted until 42 days ( Fig. 2B and C) . Indeed, the bidirectional differentiation of total macrophages was caused by different polarizing tendencies of LPMs and SPMs. LPMs expressed a trend of M1 polarization and made a major contribution to the M1 polarization of total macrophages ( Fig. 2A and D) . Meanwhile, the tendency of M2 polarization of SPMs played a major role in M2 differentiation of total macrophages, which appeared earlier than the emergence of M1 macrophages ( Fig. 2A and E).
Dynamic changes of Th1, Th2, Th17 and T reg cells in peritoneal cavity
Combined with CD4 staining, IFN-γ, IL-4 and IL-17A were stained to monitor the dynamic changes of Th1, Th2 and Th17, respectively (Fig. 3A) . Meanwhile, CD4 + CD25 + FOXP3 + T reg cells were continuously detected (Fig. 3B) . The proportion of Th1 (34.97 ± 2.355% in endometriosis group and 19.82 ± 1.116% in control group) and Treg cells (13.32 ± 1.945% in endometriosis group and 7.52 ± 0.761% in control group) increased at Day 42 after endometriosis modeling ( Fig. 3C and F) . No differences in Th2 cell percentage were found (Fig. 3D ). Th17 cells showed the elevated proportion at Day 28 (3.42 ± 0.591% in endometriosis group and 1.41 ± 0.320% in control group) and persisted until 42 days (4.26 ± 0.362% in endometriosis group and 2.35 ± 0.306% in control group) after endometrial injection (Fig. 3E ).
Discussion
Our research indicates that the peritoneal macrophages exhibit quite complicated dynamic changes in the development of endometriosis in murine models. The dramatic variation of LPMs and SPMs suggests that they may play different roles at different stages of murine endometriosis. In addition, the total peritoneal macrophages exhibit bidirectional polarization states owing to the different polarization tendencies of LPMs and SPMs. Similar to the intricate macrophage activation states, CD4 + T cells in the peritoneal cavity also exhibited complex polarization states, i.e. increased percentage of Th1, Th17 and T reg cells. Tissue macrophages are considered as immune sentinels during tissue injury or infection because of the specific localization and the ability to initiate and modulate immune reactions (Davies et al., 2013) . Since the first description of macrophages in the late 19th century, peritoneal macrophages are thought to be derived from blood monocytes (Metchnikoff, 1892) . However, in recent developments, resident macrophages in peritoneum, brain, liver, lung and spleen have been found to originate from embryonic precursor (Varol et al., 2015; Klapproth et al., 2016) . LPMs are a subset of those resident tissue macrophages featuring distinct characteristics. Previous studies of peritoneal macrophages in endometriosis have ignored the importance of the different roles of these two different peritoneal macrophages. Currently, the F4/80 high CD11b high peritoneal macrophages were revealed to accumulate in the sterile injury lesions in liver within 1 h post-injury. Moreover, the accumulation lasted at least 48 h. By contrast, monocyte-derived macrophages (not expressing F4/80 at an early stage) arrived at the injury sites at 24-48 h. Deletion of LPMs in GATA6-deficiency mice leads to decreased peritoneal infiltration of macrophages into the injury site and delayed tissue repair (Wang and Kubes, 2016) . Our study also indicated that the proportion of LPMs in peritoneal fluids decreased at 6 h after peritoneal injection of endometrial segments. The decreased proportion of LPMs may be caused by their infiltration into endometrial segments and the increased SPMs. Conversely, the proportion of SPMs increased remarkably in peritoneal lavage at 6 h after the injection. Moreover, the accumulation of SPMs persisted for 72 h and declined with the development of endometriosis. Apart from the variation in proportion, SPMs expressed different levels of F4/80 and CD11b along with the progression of endometriosis. Initially, the SPMs from 6 h post-injection exhibit the phenotype of F4/80 dim CD11B low ; after prolonged interactions with invaded tissues, SPMs show elevated levels of F4/80 and CD11b, which are similar to LPMs. Thus, we propose that LPMs may play a crucial role in the early survival of refluent endometrial tissues. Then, SPMs, derived from peritoneal monocytes, participate in the complex reciprocities in pathogenesis of endometriosis.
The activation states of peritoneal macrophages in endometriosis remain unclear. Both M1 and M2 polarization types were reported in previous studies (Smith et al., 2012; Takebayashi et al., 2015) . In addition, the levels of cytokines associated with both M1 and M2 increased in peritoneal aspirates of endometriosis patients (May et al., 2010) . Similarly, when cultured ex vivo, macrophages isolated from endometriosis patients spontaneously secreted elevated levels of 13 cytokines, including those associated with both M1 and M2 subsets (Beste et al., 2014) . In this research, we detected a bidirectional dynamic polarization state of peritoneal macrophages during the development of endometriosis. FCM analysis indicated that the M1 and M2 macrophages in endometriosis peritoneal lavage were mainly derived from LPMs and SPMs, respectively. Furthermore, M1-like macrophages in murine endometriosis model expressed low levels of NOS2, which is different from the macrophages stimulated by LPS and IFN-γ in vitro which express high levels of NOS2 (Murry et al., 2014; Wang and Kubes, 2016) . To confirm the states of peritoneal macrophage activation, we monitored the proportions of Th1, Th2, Th17 and T reg cells, which are partners of macrophages. Macrophages engage in a complex bidirectional interaction with innate and adaptive cell subsets (Biswas and Mantovani, 2010) . Th1 cells can direct classical M1 polarization by producing IFN-γ. Also, M1 macrophages drive the polarization of Th1 cells by secreting chemokines and cytokines such as IL-12, CXCL9 and CXCL10. Th2 cell-derived IL-4 and IL-13 induce M2 activation of macrophages. The distinct series of cytokines released by Th2 cells, including CCL17, CCL22 and CCL24, corresponds with receptors CCR3 and CCR4 expressed on Th2 and T reg cells, leading to the recruitment of T reg and Th2 cells and amplification of Th2 response (Mosser and Edwards, 2008) . In addition,
Foxp3
+ T reg cells could induce human monocytes to differentiate into M2-like macrophages. In diverse pathologies, IL-17 mediates the recruitment and activation of mononuclear phagocytes (Mosser and Edwards, 2008; DuPage and Bluestone, 2016) . Collectively, variations of Th1, Th2, Th17 and T reg cells could reflect the dynamic concentrations of macrophage-associated cytokines in peritoneal fluid. In this study, the Although several novel discoveries were revealed in this study, there are also limitations. First, we performed the detection only in mice. Studies on nonhuman primates are needed to verify the results. Second, we only focused on the dynamic changes of subsets of macrophages and CD4
+ cells in mouse peritoneal fluid. Consequently, the data on the changes of macrophages in ectopic endometrial tissues were not considered because of the difficulty in determining the ectopic foci wrapped in adipose tissues. Other important immune cells (NK cells and DCs) were not included in this study. Furthermore, although the changes of CD4 + cells could reflect the conditions of cytokines and chemokines in the peritoneal cavity, concrete data of dynamic concentrations of cytokines and chemokines may help us to understand the comprehensive immunity in the peritoneal cavity of endometriotic mice. To identify the potential functions of LPMs and SPMs in pathogenesis of endometriosis, intervention experiments and various research methods are required, which are also our research strategies in further experiments.
In conclusion, we have identified the dynamic changes of two different peritoneal macrophages (i.e. LPMs and SPMs) and their polarization profiles in peritoneal macrophages in an endometriosis mouse model. The results of this study confirmed and explained the bidirectional polarization in peritoneal macrophages in an endometriosis mouse model. LPMs and SPMs participate in the pathogenesis of murine endometriosis in different ways. Therefore, the new classification should be introduced into future basic and clinical researches.
